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Abstract-This paper introduces a planar orthomode transducer (OMT) using substrate integrated waveguides (SIWs) and substrate integrated coaxial lines (SICLs) that is entirely contained within two substrate layers. SICLs form a quadruplet of probes inside the metal waveguide with fully symmetrical geometry. Such a structure is smaller and lighter than a waveguide OMT, its construction is simpler than of a coaxial OMT, however, isolation and loss properties are less degraded compared to the use of planar unshielded technologies such as microstrip. A new wideband inline SICL to SIW transition has been developed to allow grade separation of SIWs belonging to opposite polarizations through different substrate layers. The designed substrate integrated probe-based OMT on RO4003C TM substrate covers the frequency band from 8.1 to 12.5 GHz with return loss higher than 19 dB, insertion loss less than 1.2 dB, inter-port isolation higher than 62 dB and cross-polarization discrimination higher than 65 dB.
Index Terms-orthomode transducer (OMT), planar, substrate integrated coaxial line (SICL), substrate integrated waveguide (SIW), transition. INTRODUCTION
Orthomode transducers (OMTs) are microwave components used for separating/exciting two signals transferred inside metal waveguides within a pair or orthogonally polarized dominant degenerate modes. They are widely found in applications like wireless communications and radiometry, especially in radio astronomy receivers. Waveguide OMT implementations use 4-way junctions [1] , [2] (2 output branches), 5-way Bøifot junctions [3] , [4] (3 output branches) and 6-way turnstile junctions [5] - [7] (4 output branches). However, although bringing quality in terms of low losses and power handling capacity, these allwaveguide components are naturally large, heavy and expensive solutions, unless they are used at very high frequencies. This problem gets worse as the wideband isolation and polarization purity are improved by adding more side branches coming out of the main dual-polarized waveguide, thus increasing the level of symmetry.
Coaxial (probe) transducers like [8] are less bulky, but still relatively complex and expensive solutions. They can also spread over a longer section of the main waveguide such in [9] , even though this additional space can be utilized to increase the bandwidth using finlines or ridges [10] . OMTs in [11] and [12] are planar inside the waveguide, but still have vast external circuitry for combining signals. Moreover, [12] has several orthogonal PCB elements inside the main waveguide. Fully planar OMTs [13] , [14] and [15] are relatively narrowband. Although of a simple construction, [13] does not have full symmetry and microstrip circuits increase losses. The OMT in [15] is very compact, but its integration with the radiating elements limits flexibility, especially for higher performance applications.
The proposed OMT is entirely planar, including line transitions and power combining microwave circuits. It is implemented through shielded substrate integrated waveguides and rectangular coaxial lines, hence practically eliminating radiation losses and spurious couplings. Apart from manufacturing advantages, a PCB OMT design allows direct integration with other planar circuit components. There is a "full symmetry" inside the main waveguide -4 planes of symmetry, having an identical probe coming out of each of 4 waveguide side walls. Thus, the inherent symmetry of the square shape of the waveguide is preserved and isolation and cross-polarization minimized. Other waveguide shapes with at least four planes of symmetry, most notably the circular one, can directly replace the square one and minimal parameter changes are required to optimize the performance. Another essential attribute of the OMT is its fractional bandwidth wider than 44%, which required wideband design of each of its elements.
II. OMT STRUCTURE
The OMT is implemented inside a two-layered PCB inserted transversally into metal square waveguide having common physical port with two orthogonal polarizations at one end and short termination at the other. As the PCB substrate is chosen 0.81 mm thick ceramic based Rogers Corporation RO4003C for its favourable fabrication properties at the cost of higher losses than with laminates based on PTFE composites. A layout of the OMT is given in Fig. 1 .
The footprint of the OMT can in fact be reduced in size if the substrate integrated lines are positioned tighter with the main metal waveguide inner walls. However, these areas are left for bolts to go through and connect together the stacked structure, providing good contact between the conductive surfaces of PCB layers and waveguide sections.
Another reason is to reduce the number of corner bends of the lines and diminish reflections. Layout of the proposed substrate integrated probe-based wideband orthomode transducer.
The presented design is also scalable. For example, it can be made more compact by using three probes and shorter SICL to SIW transition tapers at the cost of worse isolation, polarization purity as well as smaller bandwidth. On the opposite side, it can be made very wideband by using ridged square waveguide.
A. Probes
The coupling between the side lines and the main waveguide supporting propagation of orthogonally polarized modes is made through balanced substrate integrated coaxial electric probes (Fig. 2) . They have good wideband characteristics even with electrically thin substrate, which is a considerable problem if a turnstile waveguide junction is tried to be implemented in this way.
Since the width of a substrate integrated coaxial line (SICL) outer conductor has negligible effect on the dominant TEM mode, and directly determines the first upper waveguide mode [16] , it was chosen to be aSICL = 5.2 mm so that the TE10 cut off frequency is significantly above the X band. With the substrate height fixed by the PCB laminate thickness, the flat inner conductor width was selected to be WCOND = 1.0 mm in order to have characteristic impedance around 50 Ω and relatively easy fabrication regarding tolerance. In turn, WCOND has miniscule effect on TE10 mode (slightly lowering its cutoff frequency as it gets wider).
The probes have been optimized having wider inner conductor ends to improve overall matching and with ground plane stubs parallel to the inner conductors, having the roll of improving the matching at the higher frequency side of the passband. Optimization process could be made almost four times faster by using two symmetry planes -PMC along the center E-plane of the square waveguide and PEC along its H-plane relative to the polarization of the selected input TE10 mode. Furthermore, the square waveguide is closed with a quarter-wave short circuit stub on top of the cross section containing probes, with its exact length also being an optimization variable. Input short circuited square waveguide with SICL probes transversally placed in.
Dielectric inside the main waveguide follows the shapes of the planar metal probes, both to give mechanical support and to provide smoother transition between the SICLs and the hollow square metal waveguide interfaces. Removal of the rest of the substrate inside the waveguide reduces dielectric losses.
B. SICL to SIW transitions
Apart from realizing SICLs, the second substrate layer is needed because intersection of arms belonging to different polarizations within the same layer (Vertical Left Arm and Horizontal Right Arm in Fig. 1 ) has to be avoided. Substrate integrated waveguide (SIW) was selected to be used in the arms crossing over region as a shielded and low loss single layer guided wave structure. Thus, there was a need for developing a wideband inline SICL to SIW transition (Fig. 3) . The central piece of the transition is the linearly tapered metallization between the two PCB layers, starting as the narrow SICL inner conductor and spreading to the full width of SIW broad wall. The transition medium is piece-wise homogeneous. Only the bottom layer is the laminate, whereas the upper one is air (filling the volume of the laminate that had been cut out). This way, the signal is guided through only one substrate layer, without strong reflection coming from the other layer. There is resemblance with a microstrip taper, both in the way how it is connected to SICL and SIW as well as having inhomogeneous dielectric. However, unlike microstrip taper, this SICL to SIW transition is shielded from all four sides.
C. Power Combiners
The proposed design makes possible to route both arms of one polarization through the same layer or have them in different layers. This is controlled by selecting the layer in which SIW is coupled through the transition from SICL. An interesting aspect is that if same polarization (horizontal or vertical) SIWs are in unchanged layer, the signals enter arms from the transitions having opposite phases (180° phase difference), whereas if these SIWs are in different layers, the signals are in phase (0° phase difference).
A number of different H-plane (narrow-wall) and Eplane (broad-wall) power dividers and hybrid directional couplers, in conjunction with phase shifters where needed, have been considered as candidates for power combining role in the OMT. As the unmatched best solution has been found the E-plane straight Y-junction (Fig. 4) , being very compact and, even more importantly, not having any wideband limitations whatsoever in the usable frequency range as the result of the symmetries. (Each of the complete 4 arms, from the SICL probe to the power divider SIW port, can be transformed one into another through composition of two plane symmetries.) It is, essentially, substrate integrated equivalent of the power dividers used in turnstile junction OMTs [5] [6] [7] . All other tested solutions, over a frequency range, have at least certain unneglectable level of unequal amplitude and phase distribution of signals at the end of the SIW arms, which more or less noticeably affects performance of a wideband OMT. Furthermore, they either inherently cannot cover the entire OMT band based on their mechanism of operation, having sharp degradation of performance within its limits, or if the order of a directional coupler can be increased, its size becomes significant. 
III. RESULTS
SIWs and SICLs were designed with the following constraints regarding vias: d < λg/5 and p < 2d, where d is the via diameter, p is via pitch (distance between adjacent vias), and λg is the guided wavelength. The diameter for all the OMT vias was selected to be d = 0.6 mm, and the via pitch to be flexible in order to have the first and the last via of a wall at particular locations. However, the number of vias in a wall was determined so as to have the distance between the consecutive vias around 0.4 mm.
In Fig. 5 are given the layouts of the OMT PCB layers, and the numerical values of their dimensions are in Table I . In addition, the length of the square waveguide backshort is LSWGs = 6.7 mm. Except for the tuning stubs, the top and bottom substrate layer are mutually symmetrical with respect to the diagonal as the axis of symmetry. (Consequently, the central metal layer has the diagonal as its own axis of symmetry.) Since the structures with long via fences are computationally intensive, this OMT has practical advantage coming from its shielded nature that its operation can be simulated relatively accurately piece by piece, and the total response can be found as the response of the microwave circuit having the aforementioned parts as is components. Fig. 6 gives the S-parameters calculated in CST Microwave Studio of the OMT accurately modelled with line walls made out vias, lossy RO4003C dielectric and lossy copper metallization that takes the surface roughness into account. The insertion loss does not exceed 1.2 dB in the frequency band between 8.07 and 12.53 GHz. In the same band, return loss is better than 19 dB. If narrow spikes attributed to numerical errors are disregarded, crosspolarization discrimination is higher than 65 dB and interport isolation higher than 62 dB within this span. Return loss (RL), insertion loss (IL), inter-port isolation (IPI) and cross-polarization discrimination (XPD) characteristics of the proposed OMT.
IV. CONCLUSION
A novel, wholly planar OMT in mixed SIW/SICL technology has been presented. The square waveguide carrying two orthogonal polarizations is fed by four SICL probes of the OMT. Tapered center conductor sections in nonhomogeneous dielectrics are used for inline transitions between SICLs and single layer SIWs. Finally, each pair of signals belonging to the same polarization and travelling through two branches of SIW is combined in an E-plane straight Y-junction. Excellent wideband, high isolation and polarization purity performances have been achieved wider than in standard WR 90 X band rectangular waveguide recommended frequency range.
